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Biology and Physiology, Washington University School of Medicine, St. Louis, MissouriABSTRACT Although the majority of free cellular cholesterol is present in the plasma membrane, cholesterol homeostasis is
principally regulated through sterol-sensing proteins that reside in the cholesterol-poor endoplasmic reticulum (ER). In response
to acute cholesterol loading or depletion, there is rapid equilibration between the ER and plasma membrane cholesterol pools,
suggesting a biophysical model in which the availability of plasma membrane cholesterol for trafficking to internal membranes
modulates ER membrane behavior. Previous studies have predominantly examined cholesterol availability in terms of binding
to extramembrane acceptors, but have provided limited insight into the structural changes underlying cholesterol activation. In
this study, we use both molecular dynamics simulations and experimental membrane systems to examine the behavior of
cholesterol in membrane bilayers. We find that cholesterol depth within the bilayer provides a reasonable structural metric
for cholesterol availability and that this is correlated with cholesterol-acceptor binding. Further, the distribution of cholesterol
availability in our simulations is continuous rather than divided into distinct available and unavailable pools. This data provide
support for a revised cholesterol activation model in which activation is driven not by saturation of membrane-cholesterol inter-
actions but rather by bulk membrane remodeling that reduces membrane-cholesterol affinity.INTRODUCTIONCholesterol is the most abundant sterol present in mamma-
lian cells, and is essential for cellular function and viability
(1–3). Cholesterol primarily serves as a structural compo-
nent of cellular membranes, where it contributes to the phys-
ical behavior of membranes by modulating membrane
permeability, fluidity, and phase (4–9). The importance of
cholesterol to membrane function is underscored by the
diverse regulatory pathways that maintain cellular choles-
terol levels within a narrow range. Although the majority
of free cellular cholesterol is present in the plasma mem-
brane, homeostatic responses to acute changes in cellular
cholesterol content principally occur in the endoplasmic
reticulum (ER) (1–3,10–14). These intracellular regulatory
pathways respond rapidly to changes in plasma membrane
cholesterol levels (15,16).
To address how the ER regulatory machinery senses
changes in plasma membrane cholesterol levels, a biophys-
ical model for cholesterol behavior in cellular membranes
has emerged (15–18). This model, termed the active choles-
terol hypothesis, posits that under cholesterol-replete con-
ditions, plasma membrane cholesterol is unavailable for
trafficking to the ER because it is tightly complexed with
phospholipids. Accordingly, above a threshold concen-
tration where cholesterol-binding sites become saturated,
the excess cholesterol becomes available for transfer to
the ER to trigger regulatory responses. This movement of
cholesterol from unavailable to available states is termedSubmitted February 21, 2013, and accepted for publication August 30,
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0006-3495/13/10/1838/10 $2.00cholesterol activation, and is likely related to changes in
the thermodynamic activity of cholesterol molecules within
the bilayer.
In a series of elegant studies, Lange, Steck, and co-workers
(15,17) have demonstrated that changes in sterol homeostatic
responses occur rapidly over very narrow cholesterol con-
centrations, centered around the physiological cholesterol
regulatory setpoint. Direct measurements of cholesterol
activation made using diverse cholesterol-binding mole-
cules including cholesterol oxidase, b-cyclodextrin, and per-
fringolysin O (PFO) show sharp increases in cholesterol
availability to these acceptors above the physiological
threshold (15,19–21). Activation of intracellular regulatory
pathways can be triggered not only by excess cholesterol
but also by the addition of small-molecule amphiphiles
known to increase cholesterol accessibility in model systems
(15,16). Further, experiments performed on cholesterol-
enriched or -depleted cells show that activation of choleste-
rol in liposomes reconstituted from extracted ER lipids
occurs at the same concentration threshold as cholesterol-
mediated suppression of SREBP proteolysis (19). This data
suggest that cholesterol accessibility regulates trafficking
of plasma membrane cholesterol to intracellular compart-
ments as well as directly controlling cholesterol homeostasis
through modulation of the ER sterol-sensing proteins.
Cholesterol activation is protein-independent, because
activation thresholds are observed in defined artificial
liposomes containing only lipids (19,20). The observed
thresholds are highly dependent on membrane composition,
with saturated lipids having higher activation thresholds
than unsaturated lipids (19). In cells, low concentrationshttp://dx.doi.org/10.1016/j.bpj.2013.08.042
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which is indicative of cholesterol trafficking from the
plasma membrane to the ER and consistent with our previ-
ous work showing that oxysterols promote cholesterol acti-
vation in model membranes (14,22,23). Moreover, various
small molecule amphiphiles have also been found to lower
the cholesterol activation threshold when partitioned into
membranes as well as triggering intracellular responses to
elevated cholesterol (15,16,24).
These findings suggest that the mechanisms of cholesterol
activation are rooted in the fundamental interactions be-
tween cholesterol and the membrane environment and are
central to regulation of cholesterol homeostasis. As of this
writing, cholesterol activation is experimentally determined
by directly measuring the availability of cholesterol to an
extramembrane acceptor or probe. To gain insight into the
structural basis of cholesterol activation, we have performed
molecular dynamics simulations of simple membrane
models. These simulations, which provide atomic-scale res-
olution of small membrane systems, allow us to identify
changes in general membrane properties as well as confor-
mation and structure of individual cholesterol molecules
in membranes of varying cholesterol concentrations. We
have further complemented the structural detail provided
by molecular dynamics simulations by obtaining experi-
mental measures of cholesterol availability in membranes
of identical composition. Taken together, these approaches
allow us to identify changes in membrane structure and
cholesterol behavior that are associated with cholesterol
activation and provide what we believe to be new insights
into the biophysical mechanisms that permit rapid nontran-
scriptional responses to acute cholesterol loads.MATERIALS AND METHODS
Molecular dynamics simulations
Cholesterol and POPC (1-palmitoyl-2-oleoyl-phosphatidylcholine) param-
eters and charges were used as described previously (23,25). DOPC (dio-
leoylphosphatidylcholine) lipids were simulated using the united atom
parameters of Berger et al. (26). We prepared membrane systems containing
256 POPC or DOPCmolecules and an additional 0, 16, 28, 56, 84, 112, 148,
178, 210, or 278 cholesterol molecules, corresponding to mol % cholesterol
of 0, 6, 10, 18, 25, 30, 37, 41, 45, and 51%. The 0, 18, and 30% cholesterol
in POPC simulations have already been described in Olsen et al. (23,25).
The 0, 18, and 30% cholesterol in DOPC simulations were prepared simi-
larly and these concentrations were used as starting points for preparation of
the other simulations.
Systems were prepared in the following manner. Subsections of the 0%
simulations were taken containing (256 þ X)/4 total phospholipids
(rounded up), where X is the number of cholesterol molecules required in
the final structure. The X phospholipids were replaced with cholesterol
structures sampled from the 30% simulations, and any steric clashes
resolved in a similar manner as described by Kandt et al. (27) for membrane
protein insertion. To start, the membrane was stretched laterally threefold
by scaling the positions of each lipid in the bilayer plane. This was followed
by a series of energy minimization and small lateral compression steps
until returned to the original size. These smaller bilayers were replicated
2  2 in the bilayer plane, and any excess cholesterol molecules (due torounding) were removed. These structures were solvated with SPC water
molecules (28) and Kþ and Cl ions to ~55 waters per lipid (both phospho-
lipid and cholesterol) and a KCl concentration of 115mM. These structures
were then warmed to 300 K in 50 K increments, simulated for 50 ps at
each temperature before being used as starting points for the production
simulations.
All molecular dynamics simulations were performed using GROMACS,
Vers. 3.3.1, 4.0, or 4.5 (29,30). All simulations followed the same molecular
dynamics protocol as described in our previous work (23,25). Production
simulations were run for 400 ns of total simulation time. Based on examina-
tion ofmembrane projected area and system energy drift, we chose to discard
the first 200 ns of each simulation as equilibration time, leaving 200 ns of
steady-state simulation time for analysis of each membrane composition.
We analyzed system snapshots every 100 ps, for a total of 2001 frames per
system. Statistical comparisons between simulations were done treating
individual lipids independently with an estimated 5 ns relaxation time
between independent samples of individual lipid or general membrane
properties, based on autocorrelation times of membrane-projected areas.Simulation analysis methods
Solvent-accessible surface area
Solvent-accessible surface area (SASA) calculations were performed as
described in our previous work (23,25). Briefly, solvent was removed
from system structures and the structure replicated in the bilayer plane.
SASAs of individual lipid atoms were calculated from these structures us-
ing the acc submodule of the software APBS, Ver. 1.0.0 (31), using a 1.4 A˚
radius solvent probe. Lipids in the replicated bilayer images were dis-
carded, and the contributions from each lipid’s atom in the central image
were summed to obtain a molecular exposed surface area for each lipid.
Phospholipid order parameters
Phospholipid order parameters were calculated as described in our previous
work (23,25). Briefly, lipid-tail order is characterized by the order param-
eter tensor for each tail atom i (32–34):
SabðiÞ ¼ 1
2
h3 cos qaðiÞ cos qbðiÞ  dabi; (1)
where a,b ¼ x, y, z and qa(i) denote the angle between the z axis and the
ath axis of the ith atom. For our united atom systems, we estimate qz(i)as the angle between the vector pointing from the (i þ 1)th atom to the
(i  1)th atom and the z axis. We report
jSCDðiÞj ¼
12 Szz

as a good measure of the extension of the lipid chains.Phospholipid interdigitation
Lipid interdigitation was calculated from lipid mass density profiles. Mass
densities were calculated separately for phospholipids in the upper and
lower leaflets of each bilayer in 0.1 A˚ windows along the bilayer normal
axis from systems centered along the bilayer normal axis. Interdigitation
was then defined as the fractional overlap between these densities:
I ¼
2
ZL=2
L=2
min

rlowerðzÞ; rupperðzÞ

dz
ZL=2
L=2
rlowerðzÞ þ
ZL=2
L=2
rupperðzÞ
: (2)Biophysical Journal 105(8) 1838–1847
1840 Olsen et al.Lipid neighbors
Lipid neighbor relationships were analyzed by initially isolating the upper
and lower leaflets of the membrane and then calculating the center of posi-
tion of each lipid in the plane of the bilayer. A periodic two-dimensional
Delaunay triangulation on the lipid positions in each leaflet was performed
to identify lipid-lipid neighbors on the resulting connected undirected graph
of lipids.
Water interface, cholesterol depth, and membrane thickness
Water interface positions were calculated from water mass density profiles
calculated in 0.1 A˚ windows along the bilayer normal axis from systems
centered along the bilayer normal axis. To begin, the raw density profiles
were smoothed with a 0.5 A˚ pointed window smoothing algorithm. Water
interface positions were then defined as the points at which the smoothed
water density reached half of its bulk density. Cholesterol depth was defined
for individual cholesterol molecules as the relative distance along the
bilayer normal axis between the cholesterol hydroxyl oxygen atom and
the nearest water interface, with negative values denoting cholesterols
closer to the bilayer center than the water interface. Membrane thickness
was calculated as the distance between the upper and lower leaflet inter-
faces. Membrane volume was defined as the product of the membrane
thickness and the projected area of the system box in the plane of the
bilayer.Protein-liposome binding experiments
The His6-PFO (C459A) expression construct in the pRSETB vector
(Invitrogen, Carlsbad, CA) was kindly provided by A. Heuck (University
of Massachusetts, Amherst, MA) (20), and was transformed into BL21-
CodonPlus(DE3)-RIPL Escherichia coli competent cells (Stratagene, La
Jolla, CA). Protein expression and purification was performed according
to manufacturer instructions and as described in Flanagan et al. (20). The
pooled fractions containing PFO were concentrated using an Amicon
Ultra 10-kDa cutoff centrifugal filter (Millipore, Billerica, MA). The PFO
concentration was adjusted so that, following the addition of 10% (v/v)
glycerol, the final concentration was 4–8 mg/mL. PFO was aliquoted,
flash-frozen in liquid nitrogen, and stored at 80C.
Phospholipids and cholesterol were obtained from Steraloids (Newport,
RI). Liposomes were synthesized and PFO binding experiments were per-
formed as described in Sokolov and Radhakrishnan (19) and Pan et al. (35).
Briefly, PFO binding was assessed in 96-well plates (Corning, Corning,
NY) with 200 mL reaction mixtures containing 4 mM PFO and 800 mM
liposomes in buffer (150 mM NaCl, 50 mM Tris-HCl, pH 7.4). After incu-A
C
B
D
Biophysical Journal 105(8) 1838–1847bation at 37C for 1 h, tryptophan fluorescence was measured (excitation
wavelength 290 nm; emission wavelength 340 nm; band-pass 5 nm) using
an infinite 200 microplate reader (Tecan Group, Ma¨nnedorf, Switzerland).
Fluorescence measurements are displayed as F/F0, where F is the measured
fluorescence, and F0 the fluorescence of unbound PFO (as measured in
liposomes with either 0 or 20 mol % cholesterol in DOPC). Increased fluo-
rescence is indicative of PFO binding.RESULTS
Membrane condensation and relaxation
Cholesterol is well known to induce the condensation of
membranes and neighboring phospholipids (6,7,36–40).
The SASA of each phospholipid was calculated as a proxy
for lipid condensation, as shown in Fig. 1 A (23). We find
that from 0 to 25 mol % cholesterol, the exposed surface
area of both POPC and DOPC phospholipids is significantly
reduced, corresponding to condensation of the phospho-
lipids and tighter lipid packing. POPC, which has one satu-
rated and one unsaturated acyl chain, shows a decrease in
mean surface area of 11.0 A˚2, whereas DOPC, with two
unsaturated acyl chains, only shows a decrease of 6.8 A˚2,
consistent with experimental data demonstrating that
cholesterol is better at condensing saturated than unsatu-
rated lipids (6,7). From 25 to 52 mol % cholesterol, we
find a reversal of these effects, observing large increases
in phospholipid surface area of 37.9 A˚2 for POPC and
35.1 A˚2 for DOPC phospholipids. However, phospholipid
SASA is an imperfect proxy for lipid condensation: it mea-
sures the exposed surface area of the lipid, which can be
increased by either looser packing of the lipids providing
more lateral area per lipid, or by changes in headgroup
conformation that allow more exposed surface area for a
given lateral area. Thus, the large increases in surface area
observed at high cholesterol concentrations could be due
to a reduction in membrane condensation, or to an increase
in exposed headgroup conformations, or a combination of
both.FIGURE 1 Various metrics of lipid condensa-
tion in POPC (blue) or DOPC (green) phospholipid
membranes of varying cholesterol concentrations.
Error bars show standard deviations of the mean,
calculated using a bootstrap method. (Gray-shaded
zone) Estimated division between condensing
and relaxing regimes, at 25 mol % cholesterol.
(A) Mean solvent-accessible surface area of single
phospholipids. (B) Mean membrane thickness. (C)
Mean tail-order parameters of the sn-1 (solid) and
sn-2 (dotted) phospholipid tails. (D) Phospholipid
interdigitation, measured as percentage overlap
between phospholipid mass densities in each
leaflet.
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at high cholesterol concentrations, we calculated the thick-
ness of the simulated membranes. Because our simulated
membranes are volume-incompressible and membrane vol-
ume is a linear combination of lipid volumes (see Fig. S1 in
the Supporting Material), changes in membrane thickness
are directly proportional to lateral packing. From 0 to
25 mol % cholesterol, both DOPC and POPC membranes
increase in thickness (Fig. 1 B). This increase corresponds
to tighter lateral packing, which is indicative of membrane
condensation. Above 25 mol % cholesterol, membrane
thickness plateaus and then decreases, indicating looser
lateral packing of lipids and a partial decondensation or
relaxation of the membrane structure. This partial thinning
at very high cholesterol concentrations is consistent with
other simulations of DOPC membranes (37).
Phospholipid-tail order measures the alignment of lipid-
tail atoms, with larger values denoting a chain that is more
aligned with the bilayer normal axis (7,23,25,36–40). Higher
tail-order parameters indicate straighter acyl chains that
pack more efficiently, and are strongly associated with
membrane condensation. Mean order parameters across all
carbons in the sn-1 and sn-2 chains of both DOPC and
POPC lipids are shown in Fig. 1 C. In the 0–25 mol % range,
we see strong ordering of the lipid tails, which improves
lipid packing and is consistent with other measures of
membrane condensation. At higher concentrations, how-
ever, we do not see a reversal of this ordering, instead finding
that tail order increases slightly before stabilizing at higher,
ordered values. This indicates that the membrane changes
we observe at high cholesterol concentrations—partial
membrane thinning and increased lipid exposure—are not
driven by disordering of the lipid tails.
The decrease in membrane thickness at high cholesterol
concentrations could be derived from two different physical
causes:
1. The phospholipids could decrease their individual
thickness by folding up or tilting their acyl chains so as
to take up less space along the bilayer normal axis.
2. The phospholipids could interdigitate their acyl chains so
that phospholipids in different leaflets would overlap
their chains and decrease the total thickness of the mem-
brane, though not the thickness of each individual lipid.
Any change in acyl-chain behavior that would decrease its
individual thickness would be observed as a decrease in
lipid order parameters, indicating that this is not the root
cause of the membrane thinning.
To identify whether increased lipid interdigitation was
responsible for membrane thinning, we measured the inter-
digitation of phospholipid tails (Fig. 1 D). From 0 to 25 mol
% cholesterol, interdigitation is reduced significantly in
both POPC and DOPC bilayers, indicating that membrane
condensation both improves lipid packing and reduces inter-
actions between leaflets. At higher concentrations, however,this reduction in interdigitation is completely reversed.
Thus, whereas the increase in thickness at lower concentra-
tions is driven by acyl-chain ordering, the decrease at higher
concentrations is caused by an increase in interdigitation
between the ordered lipid tails.
In general, we observe two different kinds of overall
membrane behavior as the cholesterol concentration in-
creases. At low concentrations, up to a threshold of roughly
20–30 mol %, additional cholesterol condenses the mem-
brane, improving lipid packing, ordering the acyl chains
of the lipids, thickening the membrane, and reducing
membrane interdigitation. Above this threshold, we see no
further membrane condensation, but instead observe a set
of changes we term as a relaxation of the membrane to
distinguish it from simply a reversal of condensation. This
membrane relaxation is marked by a decrease in thickness
and increased lipid exposure, but it is not simply a reversal
of the membrane condensation, because these changes are
not caused by lipid disordering but instead by increased
lipid interdigitation.Cholesterol activation
PFO is a cholesterol-dependent cytolysin that binds specif-
ically to membranes that contain available cholesterol
(19,20,41). Because insertion of PFO into membranes is
dependent on cholesterol and shows a threshold response,
PFO is able to serve as a sensor of available cholesterol.
PFO binding to phospholipid/cholesterol liposomes was
used to measure cholesterol activation in liposomes contain-
ing varying concentrations of cholesterol (Fig. 2 A).
Sigmoidal curves were fitted to the binding data and acti-
vation thresholds estimated from the fitted curves (shown
in the figure as shaded bars). The thresholds, which were
calculated as the cholesterol concentration at which the
fitted curves rise to between 2.5 and 25% of their maximal
value, show PFO binding to DOPC liposomes at 26.5–
31.5 mol % cholesterol and binding to POPC liposomes at
40.4–45.0 mol % cholesterol.
To compare this experimental binding data to the simula-
tions, we identified three potential structural measures of
cholesterol accessibility in our simulations: cholesterol
depth within the bilayer, cholesterol SASA, and choles-
terol-water hydrogen bonding. All of these measures were
expected to be strongly related to cholesterol availability
for binding. We chose cholesterol depth as our primary
measurement of cholesterol accessibility because it pro-
vided the most consistent data, though all metrics were
highly correlated. The other metrics are shown in the Sup-
porting Material (see Fig. S2). Changes in mean cholesterol
depth in the bilayer are shown in Fig. 2 B.
In both POPC and DOPC membranes, mean choles-
terol depth is constant at low concentrations: in DOPC
membranes, we see no statistically significant changes
from 5 to 18 mol %, whereas depth in POPC membranesBiophysical Journal 105(8) 1838–1847
AB
FIGURE 2 Cholesterol activation as measured in experimental and simu-
lated membrane systems. (A) Binding of perfringolysin O to liposomes
composed of POPC (blue) or DOPC (green) membranes of varying choles-
terol concentrations. Error bars are derived from four replica experiments.
(Solid lines) Sigmoidal fits to the binding data. (Shaded regions) Region of
2.5–25% of maximal binding, as estimated from the fit. (B) Mean choles-
terol hydroxyl depth for cholesterol in simulated POPC (blue) or DOPC
(green) membranes of varying cholesterol concentrations. Error bars
show standard deviations of the mean. POPC (shaded blue) and DOPC
(green) regions are calculated from the experimental data shown in panel
A. (Gray region) Estimated mean depth of 0.33 nm at which PFO binding
occurs for both lipid species.
FIGURE 3 (A) Mean positions of cholesterol hydroxyl oxygens (solid)
and the bilayer/water interface (dotted), measured relative to the bilayer
center, in POPC (blue) or DOPC (green) membranes at varying cholesterol
concentrations. Error bars show standard deviations of the mean. (B) Distri-
butions of cholesterol depth in POPC bilayers with 6 (black), 30 (blue), 41
(red), and 52 (green) mol % cholesterol. (Dashed vertical lines) Medians of
each distribution.
1842 Olsen et al.is unchanging up to 30 mol %. Above these composition-
dependent thresholds, we see a significant and consistent
rise in mean depth, with depth increasing roughly linearly
with concentration above the threshold. These increases
past the saturation thresholds are indicative of cholesterol
activation as cholesterol shifts closer to the bilayer/water
interface.
Comparison of the experimentally determined PFO bind-
ing thresholds with the simulation data reveal that PFO
binding is initially observed in both POPC and DOPC mem-
branes at concentrations ~10 mol % above the saturation
threshold for cholesterol depth. In POPC membranes, this
saturation threshold is 30 mol %, with PFO binding
observed at 40 mol %, whereas in DOPC membranes the
saturation threshold is lower, at 18 mol %, with PFO binding
observed at 27 mol %. Moreover, mean cholesterol depth
curves for both POPC and DOPC membranes cross the
PFO binding thresholds at a common value of 0.33 nm.
Together, this suggests that binding of PFO is dependent
on the presence of particularly exposed cholesterol mole-Biophysical Journal 105(8) 1838–1847cules and that the degree of exposure required for binding
is independent of phospholipid composition, with differ-
ences between POPC and DOPC membranes caused by a
lower saturation threshold for cholesterol activity in
DOPC membranes.
Because cholesterol depth is defined by the relative posi-
tion of cholesterol molecules and the water interface, the
large increases in depth we observe above saturation thresh-
olds can be caused by movements in either interface or
cholesterol positions. We thus calculated the cholesterol
and interface positions separately to identify the source of
the observed increase in cholesterol accessibility (Fig. 3
A). We find that in the low-cholesterol condensation regime,
the interface position shifts outward as the membrane
thickens, but cholesterol positions shift outward concur-
rently, resulting in no net change in their relative positions.
Because the membrane structure is altered at higher choles-
terol concentrations, the water interface moves inward while
the cholesterol position remains close to its maximal value,
causing partial cholesterol exposure with increased water
penetration of the bilayer. The sources of the increased
accessibility of cholesterol in DOPC versus POPC mem-
branes can also be identified from this data. At lower con-
centrations, increased accessibility is caused by a smaller
Structural Basis of Cholesterol Accessibility in Membranes 1843outward movement of the water interface, presumably due
to the more disordered unsaturated acyl chains of DOPC be-
ing less able to pack efficiently into a condensed membrane.
At higher concentrations, we see the water interface behave
similarly between both membranes, but cholesterol in
DOPC membranes stabilizes significantly closer to the wa-
ter interface than in POPC membranes, perhaps due to lower
affinity of cholesterol for unsaturated acyl chains.
Changes in mean cholesterol accessibility could be driven
by either shifts in an equilibrium between distinct states of
unavailable, deeper cholesterol and available, more exposed
cholesterol, or instead by general increases in the accessi-
bility of all membrane cholesterols. To compare these
models, we examined the normalized distributions of
cholesterol depth for four representative POPC/cholesterol
bilayers: 6, 30, 41, and 52 mol % cholesterol (Fig. 3 B).
Similar results were obtained for DOPC bilayers (see
Fig. S3). From 6 to 30%, the distributions show no signifi-
cant change as measured through Kolmogorov-Smirnov
statistical tests. At higher concentrations, the entire distri-
bution shifts to increased exposure, with the median of the
52% distribution shifted toward the bilayer-water interface
by 0.13 nm. The distributions remain unimodal, with no
clear separation between distinct active and inactive sub-
populations of cholesterol. Thus, the observed increase
in cholesterol accessibility is not specific to a subset of
available cholesterol molecules, but instead cholesterol in
general becomes more available at high concentrations as
the bilayer thins and partially exposes cholesterol.LOCAL VERSUS GLOBAL EFFECTS
We observe significant changes in measures of lipid conden-
sation and cholesterol accessibility with increased choles-
terol concentration. To identify whether these changes
occur uniformly in all lipids or are restricted to lipids in aA
C D
Bparticular local environment, we calculated neighbor-
neighbor interactions between phospholipid and cholesterol
in each leaflet of the membrane. Each lipid has on average
six neighbors, but the identity of these neighbors will vary
with concentration; as the concentration of cholesterol in-
creases, the number of cholesterol neighbors will increase,
while being somewhat randomly distributed. This allows
us to separate lipids into various categories depending on
the numbers and types of their neighbors.
Phospholipids were divided into two groups: those with
one or more cholesterol neighbors and those with no neigh-
boring cholesterol. Percentages of phospholipids in these
two categories are shown in Fig. 4 A. Behavior is identical
in both POPC and DOPC bilayers; the percentage of phos-
pholipids near cholesterol rises from 0% when no choles-
terol is present to >90% at 25 mol % cholesterol. Above
25 mol % cholesterol, nearly all phospholipids neighbor at
least one cholesterol molecule. This concentration range is
similar to the range in which membrane condensation is
observed, suggesting that membrane condensation is driven
by extending the local condensing effects of cholesterol to a
wider fraction of phospholipids. This was tested by
comparing the mean phospholipid-tail order of lipids near
or distant from cholesterol, as shown in Fig. 4 B. At all con-
centrations where significant fractions of near and distant
phospholipids are present, phospholipids nearby cholesterol
show, on average, significantly higher tail-order than more
distant lipids. This suggests that local ordering of phospho-
lipids is directly induced by the presence of nearby choles-
terol molecules, and that this increase in phospholipid order
saturates when all phospholipids in the membrane are suffi-
ciently close to cholesterol to be condensed.
To examine whether changes in cholesterol accessibility
are similarly dependent on the local environment, we simi-
larly divided cholesterol into two groups based on their
number of phospholipid neighbors. We chose an arbitraryFIGURE 4 (A) Percentage of POPC (blue) or
DOPC (green) phospholipids that are neighbors
of (solid) or distant from (dotted) cholesterol mol-
ecules in each bilayer leaflet. (B) Mean tail-order
parameters for the sn-1 palmitoyl (black) and
sn-2 oleoyl (red) chains of POPC, shown as the
mean over all phospholipids (solid) or only those
phospholipids that are neighbors of (dashed) or
distant from (dotted) cholesterol molecules in
each bilayer leaflet. (C) Percentage of cholesterol
molecules in POPC (blue) or DOPC (green) mem-
branes that have >4 (dashed), or %4 (dotted)
phospholipid neighbors. (D) Depth of cholesterol
hydroxyl oxygens in POPC (blue) or DOPC
(green) membranes, shown as the mean over all
cholesterols (solid), over only cholesterols
with%4 PC neighbors (dotted), or over only cho-
lesterols with >4 PC neighbors (dashed).
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fewer PC neighbors composed one group and those with
more than four, another. Although this particular division
is arbitrary, the results are not strongly dependent on the
choice of boundary, with similar results for division lines
from two-to-six PC neighbors. Fig. 4 C shows the relative
population of cholesterols with high or low numbers of
PC neighbors. We find that at low concentrations, more cho-
lesterols are found in the high neighbor population and that
this preference shifts as the cholesterol concentration rises.
In Fig. 2 D, we show mean cholesterol depth values for all
cholesterols; for those only with high numbers of PC neigh-
bors; and for those only with low numbers of PC neighbors.
We find no statistically significant differences in mean depth
between cholesterols with low and high numbers of PC
neighbors, indicating that local environment is not impor-
tant for determining cholesterol accessibility.DISCUSSION
In this study, we examine the molecular basis of cholesterol
activation, a key step in the rapid, nongenomic physiolog-
ical response to excess cholesterol. In agreement with pre-
vious experimental and simulation reports, we find that at
lower cholesterol concentrations, cholesterol induces a
well-characterized condensation of phosphatidylcholine
membranes, as seen by decreased phospholipid exposure
to solvent, membrane thickening, and ordering of the lipid
tails (6,7,36–40). This condensing effect is driven by the
local ordering of phospholipids induced by neighboring
cholesterol molecules and saturates at 25–30 mol % choles-
terol, at which point nearly all phospholipids are sufficiently
close to cholesterol to be condensed. Above this saturation
point, we find a partial reversal of some of these choles-
terol-driven changes in membrane organization. Whereas
phospholipid SASA increases and membrane thickness
decreases, indicating decreased membrane condensation,
phospholipid-tail order continues to increase and only drops
slightly at very high cholesterol concentrations. The mem-
brane thinning at high concentrations is driven not by disor-
der of the lipid tails but instead by increased phospholipid
interdigitation, which allows tighter packing in the bilayer
interior. This indicates that the changes occurring at high
cholesterol concentrations are not a simple reversal of the
condensation observed at low concentrations, but instead
reflect a believed new and different alteration of general
membrane structure.
In addition to these measures of general membrane struc-
ture, we have also directly measured changes in individual
cholesterol structure and orientation that we believe
correspond to cholesterol accessibility. Activation of cho-
lesterol triggers sterol homeostatic responses by increasing
availability of cholesterol to extramembrane acceptors
(e.g., for transfer between membranes) or for interactionBiophysical Journal 105(8) 1838–1847with membrane proteins (e.g., sterol-sensing or sterol-bind-
ing proteins) (42).
Three lines of evidence suggest that the key step in
cholesterol activation is the movement of cholesterol into
orientations more highly exposed to solvent:
1. An increase in availability to external binding molecules
like PFO for cholesterols in more-exposed orientations is
intuitively plausible; we would expect cholesterol that is
more exposed to solvent to also be more exposed to bind-
ing partners present in the solvent.
2. Previous simulations examining the membrane behavior
of side-chain oxysterols—potent effectors of cholesterol
activation—demonstrated that in mixed cholesterol-
oxysterol membranes, oxysterol-induced membrane dis-
ordering was accompanied by membrane thinning and
increased exposure of cholesterol (23).
3. In this study we have shown that increases in mean
cholesterol depth, a measure of cholesterol exposure, is
associated with PFO binding in both POPC and DOPC
membranes, and that cholesterol in both membranes
begins to be available for binding only once the mean
depth reaches a threshold of roughly 0.33 nm.
The original cholesterol activation hypothesis first pro-
posed by Lange, Steck, and co-workers (15–18) posited
that cholesterol activation was driven by the saturation of
cholesterol binding sites in the membrane, leading to excess
cholesterol adopting unbound, more accessible orientations.
This model implies that:
1. Cholesterol should exist in two distinct pools, with un-
available cholesterol retaining strong interactions with
phospholipids and available cholesterol weaker ones;
and
2. Population of the available pool should grow as the
cholesterol concentration rises above the threshold
concentration.
The formation of and saturation of cholesterol-phospholipid
complexes is supported by simulation data showing strong
hydrogen-bonding interactions between cholesterol and
phospholipids (23,25,36–40) as well as monolayer ex-
periments consistent with theoretical models of complex
formation (43–46). This saturation model is consistent
with our results showing that membrane condensation of
phospholipids by cholesterol is local with respect to the
direct neighbors of each cholesterol molecule.
These cholesterol-phospholipid interactions, however, are
not directly responsible for the activation of cholesterol. We
do not find cholesterol partitioned into distinct available
and unavailable pools. Instead, we find that distributions
of cholesterol depth remain unimodal at all concentrations.
The increase in mean cholesterol accessibility at high con-
centrations is caused by a shift in the distribution as a whole
rather than a transfer from low to high accessibility pools.
Further, we find no dependence of cholesterol accessibility
Structural Basis of Cholesterol Accessibility in Membranes 1845on its local environment; cholesterols with fewer neigh-
boring phospholipids show no higher accessibility than
those with more. Cholesterol activation appears to instead
be driven by global changes in membrane-cholesterol inter-
actions, rather than disruption or saturation of local phos-
pholipid interactions causing partial cholesterol release.
Examination of cholesterol and interface positions shows
that reduced cholesterol depth (i.e., increased cholesterol
accessibility) at high cholesterol concentrations is largely
due to inward movement of the bilayer/water interface
rather than the outward movement of cholesterol, and thus
is directly related to membrane thinning and other changes
in global membrane behavior. The lowered concentration
required for cholesterol activation in DOPC versus POPC
membranes is likely caused by stabilization of cholesterol
farther from the membrane interior, which may be linked
to a decreased affinity of cholesterol for the more disordered
acyl chains of DOPC. We expect that similar measurements
done on membranes composed of other lipids will show the
same relationship between lowered cholesterol activation
thresholds and decreased cholesterol-acyl chain affinity, as
supported by PFO binding data showing lower activation
thresholds in membranes of branched lipids (19).
The simulations and the PFO liposome experiments pro-
vide orthogonal yet complementary approaches to assess
cholesterol behavior in membranes. The relationship
between the continuous model of cholesterol activity and
the experimental measurements of cholesterol binding is
presented in Fig. 5. We propose that at low concentrations,
in the condensation phase, mean cholesterol accessibility is
low and constant. Above some saturation threshold Csat,
dependent on the transition between a condensing and a
relaxing membrane and the affinity of cholesterol for its
phospholipid neighbors, mean cholesterol accessibility
begins increasing linearly with concentration (Fig. 5 A).
Because cholesterol accessibility is continuous rather than
discrete, at each concentration there is a range of choles-
terols present of varying accessibility. Some fraction of
the cholesterol at each concentration will have accessibility
above the relatively high threshold Abinding required to be
available for binding to PFO or other external moleculesA B C D
the mean value (thin lines) and with a common variance. Those cholesterols ab
to external acceptors. (C) The concentration of available cholesterol changes n
available cholesterol occurring only above the binding threshold Cbinding. (D) Bin
able cholesterol, and thus occurs only above Cbinding before saturating once all(Fig. 5 B). The concentration of available cholesterol, with
accessibility greater than this threshold, will thus increase
nonlinearly with total cholesterol concentration, both
because the size of the total pool increases and because
the fraction of the pool above the threshold Abinding increases
(Fig. 5 C). A binding molecule that binds only to available
cholesterol will then show a sharp transition between un-
bound and bound states around the threshold concentration
Cbinding, where significant amounts of available cholesterol
appear in the membrane (Fig. 5 D).
We propose a revised biophysical model for the underly-
ing structural basis and causes of cholesterol activation
(Fig. 6). As the membrane cholesterol concentration rises,
cholesterol induces local ordering of lipid acyl chains.
These ordered acyl chains are more extended, causing the
membrane to condense laterally and thicken to accommo-
date the extended chains. However, because cholesterol is
shorter than the extended phospholipid acyl chains but
retained near the interface due to its amphipathic nature,
unfavorable free space in the bilayer interior begins to
form as the phospholipids are pushed apart laterally by
increasing concentrations of cholesterol. At a defined
threshold concentration that is dependent on the membrane
lipid composition, the membrane leaflets interdigitate to
resolve the unfavorable free space, thinning the bilayer
and spreading phospholipids laterally, consequently allow-
ing greater water penetration into the bilayer interface.
This increased water penetration and inward movement
of the phospholipids exposes the cholesterol, which is
observed experimentally as activation. Interestingly, similar
activation thresholds can be observed in monolayer studies
(44), suggesting that leaflet interdigitation is secondary to
membrane thinning, which we hypothesize would proceed
primarily through lipid-chain disordering in monolayer
systems.
This model may also explain the mechanism through
which structurally diverse amphiphiles are known to acti-
vate cholesterol (24). By selectively incorporating in the
headgroup region of the bilayer, amphiphiles would simi-
larly cause an increase in interior bilayer free space, driving
membrane thinning and cholesterol activation in a similarFIGURE 5 The proposed relation between
underlying changes in cholesterol accessibility
and experimentally measured binding to available
cholesterol. (Four concentrations of cholesterol
are marked in blue, cyan, magenta, and red in all
four panels for comparison.) (A) Mean cholesterol
accessibility is modeled as constant below a satura-
tion threshold Csat and increasing linearly above it.
(B) The number of cholesterols of each accessi-
bility at any particular concentration (thick lines)
are modeled as normal distributions centered on
ove some high threshold Abinding are presumed to be available for binding
onlinearly with total cholesterol concentration, with significant amounts of
ding of an external acceptor is dependent only on the concentration of avail-
acceptors have bound cholesterol.
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A B C FIGURE 6 The proposed model of cholesterol acti-
vation. (A) With no cholesterol present, phospholipids
pack loosely with their tails in relatively disordered
states. (B) As cholesterol is added to the membrane,
it locally orders neighboring phospholipids, causing
the bilayer to thicken and condense. (C) At very
high cholesterol concentrations, length mismatch be-
tween cholesterol and phospholipids drives interdigi-
tation of the acyl chains, resulting in membrane
thinning and cholesterol exposure to solvent.
1846 Olsen et al.manner. In our previous study of oxysterol effects on choles-
terol activation, we found that significant membrane thin-
ning caused by oxysterols was associated with cholesterol
activation (23). The low concentrations of oxysterols found
in physiological systems are believed to signal in cholesterol
regulation pathways partially through their effects on
membrane structure (23,47). This model for cholesterol
activation as a byproduct of general membrane thinning
has immediate relevance for study of oxysterol-induced
cholesterol activation, in particular examining the com-
position- and concentration-dependence of oxysterol effects
in model membrane and physiological systems.SUPPORTING MATERIAL
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